We report the effect of La-substitution on the magnetic and magnetotransport properties of Brownmillerite-like bilayered compounds Ca 2.5-x La x Sr 0.5 GaMn 2 O 8 (x = 0, 0.05, 0.075, and 0.1) by using dc-magnetization, resistivity and magnetoresistance techniques. The Rietveld analysis of the room temperature x-ray diffraction patterns confirms no observable change of average crystal structure with the La-substitution. Both magnetic and magnetotransport properties are found to be very sensitive to the La-substitution. Interestingly, the La-substituted compounds show ferromagnetic-like behavior (due to the occurrence of a double exchange mechanism) whereas, the parent compound is an antiferromagnet (T N~1 50 K). All compounds show an insulating behavior, in the measured temperature range of 100 -300 K, with an overall decrease in the resistivity with the substitution. A higher value of magnetoresistance has been successfully achieved by the La-substitution. We have proposed an electronic phase separation model, considering the formation of ferromagnetic clusters in the antiferromagnetic matrix, to interpret the observed magnetization and magnetotransport results for the La-substituted samples. The present study demonstrates an approach to achieve new functional materials, based on naturally occurring layered system like Ca 2.5-x La x Sr 0.5 GaMn 2 O 8 , for possible spintronics applications.
I. INTRODUCTION
Low dimensional magnetic systems have received a considerable attention in recent years both from the theoretical and experimental points of view as well as for applications in the modern technology (e.g., in the field of high density magnetic recording and spintronics devices, etc). 1 The search for new magnetic materials in mixed valence metal oxides that are suitable for possible device applications has raised a number of fascinating fundamental questions concerning spin-, charge-, [2] [3] [4] [5] and orbital-ordering. 3, 6, 7 The low dimensional materials with mixed valence metal oxides show a bunch of interesting physical properties such as, colossal magnetoresistance, [8] [9] [10] charge-and orbital-ordering, as well as transport properties 11 due to highly anisotropic as well as competitive exchange interactions between the transition metal ions in these systems. [12] [13] [14] [15] Moreover, the presence of these behaviours leads to a complex phase diagram (magnetic as well as electronic) for the low dimensional mixed valence metal oxides.
Among the low dimensional systems, the mixed-valance anion-deficient layered these layers in a disordered manner. 16 The magnetic properties of the iso-structural compound Ca 2.5 Sr 0.5 GaMn 2 O 8 show a 3D short-range antiferromagnetic (AFM) ordering above 170 K, a 2D long-range AFM ordering over 160-170 K, and then a 3D long-range AFM ordering below ~ 150 K 18 with an ordered magnetic moment of 3.09 (1) μ B per Mn cation at 5 K (aligned along
[010]). 16, 17 The presence of a 1:1 ratio of Mn 3+ and Mn 4+ ions on the octahedral sites was concluded. 16, 17 It was found that spins are coupled antifferomagnetically in a given ac-layer and, within a bilayer, the AFM layers are coupled ferromagnetically along the b-axis. Also a local charge ordering was proposed for this system. 17 The low field magnetoresistance has been observed for systems with an array of artificially grown ferromagnetic-metal / insulator / ferromagnetic-metal junctions due to the spin tunneling through the insulating barier. [21] [22] [23] The present system Ca 2.5 Sr 0.5 GaMn 2 O 8 has a typical naturally occurring layered structure with an array of the magnetic MnO 6 octahedral 3 bilayers separated by a nonmagnetic GaO 4 tetrahedral layer along the crystallographic bdirection. However, this system shows an AFM-insulating behavior. 16 Now, if one can make the magnetic layers (MnO 6 bilayers) as a ferromagnetic (FM)-metallic in nature, the resulting compound becomes a system with a natural array of the FM-metallic (MnO 6 bilayer) / non- Significantly, the present study shows that the magnetic and electronic properties of the layered system Ca 2.5 Sr 0.5 GaMn 2 O 8 can be tuned/optimized by appropriate chemical substitution to achieve new spintronic material based on naturally occurring layered system for practical applications. The powder x-ray diffraction (XRD) measurements were performed on the samples at The temperature dependent resistivity measurements were performed using the standard four-probe method in the temperature range ~100-320 K under zero applied magnetic field.
II. EXPERIMENTAL
The magnetoresistance as a function of applied magnetic field was measured at 150, 200 and 300 K. A silver paint was used for making of the connections between the copper wires and the rectangular bars of the samples.
III. RESULTS AND DISCUSSION

A. Structural study
The Rietveld refined room temperature X-ray diffraction patterns for the samples site i.e., the positions between two MnO 6 octahedral layers within a given bilayer (Fig. 2) .
B. dc-magnetization study
The range, 125-300 K. 17 This broad hump-like behavior in the magnetization curves was ascribed to the presence of a short-range spin-spin correlation between Mn ions within a bilayer. 16 Further neutron diffraction study confirmed the presence of an AFM short-range spin-spin correlation.
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The broad hump-like behavior is more prominent for the sample with x = 0.05. Upon further cooling, both M ZFC and M FC curves for the parent compound start increasing at ~125 K. On the other hand, for the sample with x = 0.05, the M FC curve starts increasing at ~90 K, whereas M ZFC curve starts increasing at ~ 75 K. Similar type of sharp increase in the M ZFC and M FC curves was already reported for the parent compound 16 and a 3D long-range AFM ordering was found at lower temperatures. 18 Interestingly, the nature of the phase separation model. Here we would like to mention that due to the higher contribution from 7 the FM phase in the magnetization, the signature of the AFM transition becomes unnoticeable in the ZFC and FC magnetization curves for these compounds. However, the presence of major AFM phase is clearly evident in the low temperature M vs H study (shown later in Fig. 5 ).
During the zero-field cool process, the FM clusters freeze into random orientations, determined by a local anisotropy field, and results in the random orientations of the local magnetization of the individual clusters. On the other hand, during field cool process, the FM clusters align along the direction of applied field and leads to a higher FM-type magnetization. The observed linear contribution in the magnetization at higher field region may be due to the presence of AFM and/or small amount of free spins. A higher slope of the linear part has been observed for La-substituted compounds as compared to the pure AFM parent compound. The observed addition slope can, therefore, be considered due to formation of free spins. The observed smaller value of magnetization suggests a weak ferromagnetism which possibily arises due to the FM-clusters as evident in our temperature dependent magnetization study (Fig. 4) .
We could successfully fit the field dependence of magnetization for the La-substituted compounds using the following equation (shown in Fig 5(a) ). Figure 7 depicts the temperature dependence of the electrical resistivity for all four samples in the temperature range 100-320 K. For all samples, the resistivity increases monotonically with decreasing temperature and reaches a value about 10 4 -cm at around 100 K, below this temperature the resistance exceeds the measurement limit (~10 6 ) of our instrument. The temperature dependence of resistivity indicates that the samples are insulating in nature. Battle et al. 16 reported a drop in the resistivity value by an order of magnitude at ~125
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K for the parent compound. However, we have not observed any such drop in the resistivity value for any of these samples (Fig. 7) . No other report on the resistivity study for similar compounds is available in the literature for further comparison. In the present study, an overall decrease in the resistivity (however, retaining the insulating behavior) has been observed with the La-substitution. The observed insulating behavior of the substituted compounds is consistent with the electronic phase separation model. As the FM-metallic regions are separated from each other by the insulating AFM phase, the crystal as a whole is expected to show an insulating behavior. [43] [44] [45] Then, the system is expected to remain in the insulating state up to a critical concentration of the FM phase. Above the critical concentration, the FM clusters begin to make contacts with each others (percolation of the FM state 46 ) and it results a metallic state as a whole. The FM phase fraction is observed to be only ~ 3 volume % (estimated from the magnetization study) for the sample with maximum La-concentration (x = 0.1). This FM phase fraction is well below the required percolation threshold concentration (~ 15 % for a 3D system 47 ) for a metallic state. Therefore, the insulator to metallic transition is not expected in the present La-substituted compounds. Now, we discuss below the possible electrical conduction mechanism in these phaseseparated compounds. There are several attempts to explain the temperature dependence of electrical resistivity in manganite systems in terms of phase separation model. [48] [49] [50] We would like to mention again that these systems have been considered as a mixture of FM-metallic and AFM/paramagnetic-nonmetallic phases. The electrical conduction in these systems is more complicated due to several competitive interactions involved in these systems such as DE interaction, strong electron-lattice coupling, and lattice (polaron) distortion etc. One way to define the electrical conduction in the mixed phase system is by considering simple summation of the relative contributions from all phases. However, this concept is only valid when the different phases are arranged in alternate flat layers, perpendicular to the direction of current flow. For a phase separated system with random distribution of the phases, a phenomenological model by considering an effective medium approximation 51 can be used to explain the electrical conduction where the total resistivity of the phase separated system is supposed to be due to both band electrons and polarons. This model initially used to explain the electrical conduction in the composite materials. Later on this model has also been considered to describe the electrical conduction in disorder materials in the classical limits. The effective resistivity for a typical three dimensional phase separated system (random mixture of metallic and non-metallic phases) is given by the following expression 51-53
where ρ 1 and ρ 2 are the resistivity of nonmetallic and metallic phase respectively, f is the metallic (FM) phase fraction of the material. To model the experimental data, it is necessary to know the exact analytical expressions of ρ 1 and ρ 2 . However, different groups have conceived different models to define the electrical conduction in the nonmetallic phase for the effective medium approximation method. For example, Rao et al. 53 have considered a Mott's variable range hopping model whereas, Ju et al. 52 have considered a semiconducting model and,
Lakhsmi et al. 54 have considered a polaron hopping model. We have observed that the polaron hopping model is more appropriate for our present case. Therefore, the conduction via the insulating phase has been assumed to be represented by a polaron hopping model [55] [56] [57] as,
where ρ 0 is pre-exponential constant and E a is total activation energy required for activation and transportation of carriers. The conduction via metallic region can be described by the following equation as 52, 58   The corresponding magnetoresistances (MR) can be represented as
where, ρ(H) is the resistivity under applied magnetic field and ρ(0) is the resistivity under zero magnetic field. Figure 8(a) shows the MR as a function of the applied magnetic field (H) for all four samples at 150 K. A negative MR has been observed for all samples and that increases with increase of La-concentration. This trend is found even at room temperature [inset of the Fig. 8(a) ]. Now we discuss the possible origins of observed MR in these compounds. In the case of double exchange mediated FM-metallic state, the MR arises due to suppression of spin fluctuations with the increase of applied magnetic field as described below. [59] [60] [61] [62] In this case, MR is dominant in the vicinity of the transition temperature. In this process, according to the double-exchange theory, the effective electron (hole) transfer between the neighboring sites depends on the relative angle of the local spins. Application of a magnetic field tends to align the local spins, and the forcedly spin-polarized conduction electron suffers less from the scattering by local spins and becomes more itinerant. As a result, a MR effect has been observed. Above the transition temperature and/or in the range of small amount of FM phase, the conduction mechanism is observed mainly due to the hopping of magnetic polarons. Here the spin of a conducting electron induces a local distortion of the spin lattice and moves on surrounded by this spin polarization. An applied field can increase the spin polarization and subsequently a MR effect occurs. However, in the case of phase separated systems, the MR effect is more complicated due to the additional contributions from the intrinsic inhomogeneties. [63] [64] [65] The intrinsic inhomogeneities in the phase separated systems arise due to 13 presence of coexisting competing phases (FM and AFM) and play an important role on the MR.
A random resistor network method has been used to explain the MR in such phase separated systems. 64, 66 In additional to these effects, another effect has been observed for some polycrystalline samples due to the presence of grain boundaries. In this process, the observed negative MR is due to spin-polarized tunneling through an insulating grain boundary. [59] [60] [61] [62] With the DE mechanism, electrons are able to move easily when the spins of the ions (Mn 3+ and Mn 4+ ) are parallel, and cannot move if they are antiparallel. As a consequence, the magnetic disorder in the interface region will sharply increase the resistance of the grain boundaries and forms an insulating barrier through which spin-polarized tunneling happens. The tunneling probability of electrons through the grain boundaries depends on the relative orientation of the magnetization directions of neighboring grains, which can be considerably altered by the application of a magnetic field. This results in a sharp drop of resistance in the low applied fields. Therefore, a low field magnetoresistance occurs. Since in our present case, the polaron hopping activation process plays a major role, it is obvious that the magnetoresistance of these electronic phase separated systems occurs mainly due to the change of the activation energy with the application of an external magnetic field. 67 Therefore, from the Eqs. (3) & (5), we have
Now, we can consider the field dependence of the activation energy in a general way as follows
where, α is proportionality constant and β is an exponent. Then, the Eq. (4) compounds by the substitution. As a result, a FM-like behavior in magnetization and an enhancement in the MR have been observed with the La-substitution. All compounds are found to be an insulating type; however, an overall decrease in the resistivity value has been obtained. 
